Complex dynamics, such as population cycles, can arise when the individual members of a population become synchronized. However, it is an open question how readily and through which mechanisms synchronization-driven cycles can occur in unstructured microbial populations. In experimental chemostats we studied large populations (>10 9 cells) of unicellular phytoplankton that displayed regular, inducible and reproducible population oscillations. Measurements of cell size distributions revealed that progression through the mitotic cycle was synchronized with the population cycles. A mathematical model that accounts for both the cell cycle and population-level processes suggests that cycles occur because individual cells become synchronized by interacting with one another through their common nutrient pool. An external perturbation by direct manipulation of the nutrient availability resulted in phase resetting, unmasking intrinsic oscillations and producing a transient collective cycle as the individuals gradually drift apart. Our study indicates a strong connection between complex within-cell processes and population dynamics, where synchronized cell cycles of unicellular phytoplankton provide sufficient population structure to cause small-amplitude oscillations at the population level. cell cycle | Chlorella vulgaris | chemostat | Kuramoto model | population cycles
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cell cycle | Chlorella vulgaris | chemostat | Kuramoto model | population cycles P hase synchronization is an adjustment of the rhythms of oscillating objects that can lead to the emergence of complex synchronized behavior (1) (2) (3) , such as periodic color changes of catalytic microparticles (4) , the simultaneous flashing of fireflies (5) , or the rhythmic clapping of human audiences (6) . Similarly, the densities of many ecological populations oscillate with frequencies that cannot be explained by diurnal, annual, or other seasonal variation (7) (8) (9) . Often, such regular oscillations are caused by multispecies interactions (10) (11) (12) (13) . Experiments have shown that also single-species populations can undergo regular sustained or damped oscillations (14, 15) . "Single-generation cycles" and "delayed-feedback cycles" (16) are types of singlespecies oscillations that are known to occur when vital rates are density dependent. Here we are concerned with singlespecies oscillations that occur when individuals synchronize the progression through their life cycles. Synchronization may be caused by locking of individual life cycles to an external force (entrainment), but it may also arise spontaneously through the internal interactions among the individuals (2) (3) (4) , and can occur in spatially distant populations (10, 13, 17, 18) . Populations with obvious internal structure can easily become synchronized by environmental triggers, for example, an insect population that loses all adults to a cold spell before eggs are produced and needs to restart growth on the basis of the surviving larval fraction of the population. In contrast, little is known about the potential for synchronized cycles in microbial populations, despite their important role in all ecosystems across the globe.
In this study, we experimentally induced regular oscillations in populations of unicellular algae that lack distinct life stages other than defined by their cell cycle. The oscillations could be maintained in the absence of external periodic rhythms and can be explained through collective synchronization among a large population of interacting phase oscillators, in agreement with a generalized version of the Kuramoto model (19) . Given the causal link between the cell cycle and the cycling of the population, we provide evidence for synchronization of oscillatory dynamics across biological levels of organization.
We ran chemostat experiments with three different unicellular freshwater phytoplankton species and compared the dynamics with those predicted by a mathematical model that allows for nitrogen availability and the nitrogen-dependent progression of phytoplankton cells through their cell cycle (SI Section 1 and 3). To track phytoplankton dynamics in the chemostats we used an automated light extinction measurement system (20) (SI Section 2). This allowed us to collect measurements with a signal sensitivity and temporal resolution (5-min intervals) that is unusually accurate for ecological time-series experiments. In addition, we used a particle counter to determine cell abundance and size distribution (4-to12-h intervals). We used cell volume as a proxy for the phase of the cell cycle in which a phytoplankton cell is located.
Results
We present results from two experimental scenarios, involving three different phytoplankton species, in which we induced cell cycle synchronization that led to oscillatory population dynamics. We hypothesize that phytoplankton cells can become synchronized by nitrogen depletion and can remain synchronized over several generations of population growth. Basic chemostat theory predicts that single-species populations show sigmoid growth after inoculation and reach a steady state. In the first scenario we tested whether characteristics of the sigmoid growth depend on the potential degree of synchronization among cells and started chemostats with phytoplankton cultures that had a different history of nutrient availability: either nitrogen limited or not limited by nitrogen. Chemostat cultures inoculated with either type of phytoplankton showed sigmoid growth, but we observed the smoothly increasing curve predicted by theory only when cells had been previously cultured under nonlimiting conditions ( Fig. 1A ). When we inoculated from a nitrogenlimited culture, however, cell numbers did not increase monotonously but displayed oscillations toward steady state ( Fig. 1A) . These results agree with our hypothesis that cells become synchronized when nitrogen depletion arrests cell progression in the nitrogen-sensitive phase in their cell cycle.
In the second, more comprehensive scenario, we tested whether oscillations can be induced in steady-state chemostat populations by directly manipulating nitrogen availability to cells. This setup would, in theory (refs. 21-23 and our model This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: gregor.fussmann@mcgill.ca.
This article contains supporting information online at www.pnas.org/cgi/content/full/ 0908725107/DCSupplemental. described below), induce oscillations through synchronization. We grew nonsynchronized phytoplankton populations to steady state and then stopped inflow into and outflow out of the chemostat (dilution rate δ = 0·day −1 ) for several days. This manipulation potentially synchronizes cells because initially cell numbers increase (no mortality due to outflow) but, as the remaining nutrients are being depleted (no nutrient inflow), the cells accumulate in the nitrogen-sensitive phase of their cell cycles. When the flow through the chemostat vessel resumes, cell numbers will decrease to previous steady-state levels. However, cell density will now oscillate because the majority of cells enter the nitrogen-nonsensitive phase of the cell cycle simultaneously and cell divisions occur at approximately the same time.
In our experiments, we observed exactly the dynamic behavior predicted by theory. Small-amplitude oscillations (measured as changes in light extinction or cell densities; Figs. 1 B and C, 2, and 3) occurred after the "off-on" manipulation of the chemostat in separate cultures of three different phytoplankton species and at a variety of chemostat dilution rates and nitrogen concentrations, N i , of the inflowing medium (SI Section 5). The induced oscillations were damped for small values of external nutrient concentration combined with high dilution rates ( Fig. 1B) ; however, we observed sustained oscillations (up to16 cycles) when δ was lower and N i was high (Fig. 1C ). The oscillations showed period lengths ranging from 1.03 to 3.5 days, thus ruling out circadian cell culture rhythms (23, 24) as the general cause of the oscillations.
Measurements of cell size distributions provide evidence that the phytoplankton populations periodically changed their demographic structure with the periodicity of the population oscillations. We measured cell size distributions at distinct phase locations of the population cycles induced by the off-on manipulation and found recurring patterns that can be linked to phases of the cell cycle (Fig. 2) . The cycle starts with a unimodal distribution of cell sizes ( Fig. 2 A and E) around a small volume of 5 μm 3 , directly after division of most cells, reminiscent of the cell size distribution in the stationary state ( Fig. S4 in SI Section 4). From this point cells grow as a cohort from small to large, which is visible as a moving peak in the cell size distribution that shifts to the right ( Fig. 2 A-D and E-H). As soon as the first cells of the cohort begin to divide, a second peak in the cell size distribution at small cell sizes appears, giving rise to a distinct bimodal cell size distribution ( Fig. 2 C and G) . Because progression through the cell cycle is retarded in the nitrogendependent, premitotic phase of the cell cycle, cells entering this second peak are temporarily arrested in their progress. Consequently, the left peak does not shift to the right but increases in size as cells continue to divide, whereas the right peak continues to shift and decreases in size ( Fig. 2 D and H) . When all cells of the cohort have finished cell division and the right peak of large cells has disappeared, the cycle starts anew if sufficient nitrogen is available (see also Fig. S5 for comparison of experimental with simulated cell size distributions).
Spectral plots of cell size distributions measured over the full length of the chemostat experiment clearly reveal the contribution of cellular level events to the synchronization of the whole population. The steady-state population before the off-on manipulation was characterized by a rather broad unimodal stationary cell size distribution ( Fig. S4 ). Switching off flow through the chemostat led to an extreme accumulation of small cells. After the flow resumed, the collective development of cell cohorts was clearly visible as recurring diagonal stripes in a phase time plot (Fig. 3D ). These time periodic patterns align with the oscillations of cell counts ( Fig. 3A) and light extinction and can be quantified by oscillations in the order parameter, as a direct measure of the degree of synchronization among individuals (Fig. 3B) . The periodicity and intensity of oscillations in light extinction and in cell volume distributions remained directly linked to one another for many generations. Further, the cell size distribution indicates ratios in cell volumes between mother and daughter cells ranging from 3.81 to 4.29 (assuming spherical shapes), which is consistent with Chlorella's typical mode of division by splitting into four daughter cells.
Mathematical Model Predictions and Agreement with Experimental Data
A mathematical model can provide further insight into the mechanisms that led to synchronization of population and cell cycles in our experimental cultures. The model is based on the Kuramoto theory (19) , describing the collective synchronization among a large population of all-to-all coupled oscillators; i.e., each cell adjusts its cell cycle with that of all other cells. In the model we associate a cell's age to a phase variable θ i ∈½0; 2π, which may be interpreted as the cell's development index. For each cell this phase advances according to its aging velocity g(N, θ) and is disturbed by independent, identically distributed white noises ξ i (t) (25, 26) :
Because individual organisms in the mixed culture cannot sense their phase difference to others, in contrast to the Kuramoto model (19) , we propose that the nutrient concentration N(t) acts as a mean field that is able to mediate interactions among the oscillators. Following Pascual and Caswell (21) we assume that the cell progression g(θ, N) is divided into a nutrient-sensitive and a nonsensitive phase:
In the interval [θ 0 , θ c ] aging depends on the nutrient concentration in a Monod-wise function, with half-saturation constant K N . In the absence of nutrients (N = 0) progression in this interval becomes zero ( _ θ ¼ 0) and a cell stops its individual development. For the rest of the cycle, cell phase progression g occurs with the constant maturation velocity ω (taken to be identical for all cells). This gives rise to the following model for the phase distribution p(θ, t) of oscillators at phase θ (note the similarity to the McKendrick-von Foerster equation; see e.g. ref. 7) ,
where the last term takes into account the losses by the chemostat system with dilution rate δ and the term D > 0 derives from the noise terms (25, 26) . Synchronization theory describes a fixed number of oscillators, but in our case the number of oscillators is not necessarily conserved. This leads to a system of oscillators, where each oscillator gives birth to new ones when its phase has reached 2π and is subsequently eliminated. Cell division enters the model in the form of a boundary condition p(0, t) = νp(2π, t), where ν is the number of daughter cells after cell division (note that in the model the phase of a cell is defined only in the interval 0 ≤ θ ≤ 2π). Finally, the model is complemented by a dynamic equation for the nutrient concentration,
pðθ; tÞdθ; [4] where N i is the input nutrient concentration and P(t) the total population density. We fitted model parameters to one data set using maximumlikelihood estimation ( Fig. 3 and SI Section 3) and used these to independently generate simulations for the remaining data sets. Predictions of the parameterized model are in good agreement with the observed dynamics ( Fig. 3 ). Most notably, across all experiments performed the observed period lengths and the equilibrium cell density agree well with those predicted by our model at different dilution rates (Fig. 4) . Moreover, all three major model components ("population dynamics," "cell cycle dynamics," and "nutrients as common medium") are essential and necessary to explain the dynamics of the phytoplankton populations. As in standard Monod-type chemostat models, the growth of the population density P(t) depends on the nutrient concentration. But the model also exhibits a synchronized state in which phase-locked cell cohorts rotate and divide with a common frequency and the population density oscillates in time. These synchronized dynamics appear as two dynamic variants. For some parameter combinations the model exhibits a spontaneous transition to the synchronized state where oscillations are self sustained. For other parameters, the internal coupling is not sufficient to maintain sustained oscillations, so that cycles are damped and decay as the oscillators drift apart in phase. This behavior is reminiscent of the Kuramoto theory (19, 26) , where a phase transition occurs at a critical coupling strength. When the coupling strength is below the threshold, the system relaxes to an incoherent state (p(θ, t) = 1/2π). However, for coupling above the threshold collective synchronization sets in spontaneously among a fraction of oscillators that are locked in phase.
Note that even below the synchronization threshold individual oscillators are rotating along their cycle, but because the oscillators are desynchronized, there is no rhythm in the macroscopic average. In this situation it is possible to unmask the intrinsic dynamics by manually resetting the oscillators' phase. Such an external perturbation will establish a transient collective cycle that decays as the individuals gradually drift apart. The generation of a collective cycle and relaxation to an incoherent state by dephasing have been experimentally observed (23, 27) and theoretically described as a generalized Landau damping with exponential decay of oscillation amplitudes at intermediate times, but slower than exponential decay at long times (28) .
Given the phase distribution p(θ, t), the degree of synchronization or phase coherency among individual cells can be estimated by the order parameter R ¼ j Ð 2π o dθe iθ pðθ; tÞj, both for the simulated and for the experimental populations (SI Section 3). As expected by theory, we observed moderate degrees of synchronization (R ≈ 0.7) before dilution switch-off, increasing synchronization (R ≈ 0.9) during the off phase, and oscillatory fading out of synchronization after dilution resumed (Fig. 3B) . In some regards, these observations of our experimental and simulated cell cycles differ from what would be expected from the Kuramoto model. First, in contrast to the Kuramoto theory, here the order parameter does not vanish in the asynchronous state as the phase density is not uniform (Fig. S4) . The reason for this is that most oscillators will be located in the nutrient-sensitive phase interval (due to the slow aging progression) and also have a higher probability to be washed out with increasing progress in phase (leading to a decay of phase density with θ). Second, in our system (both theory and experiment) onset of synchronization is characterized by oscillations of the order parameter ( Fig. 3B ). Oscillating order parameters can arise in modified versions of the Kuramoto model, for example, in the presence of structure in the coupling topology among the oscillators (29) . But here, the oscillations of the order parameter after perturbation reflect the periodic changes in the shape of the phase density, periodically shifting between unimodal and bimodal distributions.
Discussion
Our experiments show that unicellular phytoplankton can possess an internal population structure that is sufficient to affect population dynamics. In the absence of periodic external forces (in particular, under constant illumination) we observed singlespecies cycles that can be understood by the interaction between the nutrient pool and nutrient-dependent and -independent phases of the cell cycle. Such cycles cannot occur in standard ecological models that describe unstructured, single populations; i.e., the population behavior cannot be reduced to that of an average cell. When we removed structure from our mathematical model by making all phases of the cell cycle equally nutrient dependent, cells were unable to synchronize and unable to oscillate in abundance.
Previous studies have established that progression through the algal cell cycle can depend on light (24) or nutrient availability (30) , that algal populations can be entrained into periodic changes of illumination and that they, in theory, can maintain the entrained state for some time even in the absence of the forcing stimulus (21) . Here we show that nutrient shortage, an ecologically important condition, can lead to the entrainment of cell cycle oscillations and that cell cycle and population oscillations remain frequency locked for long periods of time, sometimes without any apparent signs of damping. The most likely explanation for this behavior is that the algal cells act as globally coupled, individual oscillators that interact and become synchronized with one another through a common extracellular field, the nitrogen pool. Even when synchronization is transient and oscillations are damped (Fig. 1B) , the characteristic shape and dynamics of the phase distribution (with periodic change between unimodal and bimodal distributions, Fig. 2 ) provide strong evidence for an internal coupling by the nutrient pool. In this case, coupling is not sufficiently strong to effect sustained synchronization but it is unlikely that such phase distributions can be generated if cells simply drift apart by virtue of their different natural frequencies. Instead, the phase distribution can be sensibly explained only if internal coupling via the common nutrient pool is present. Our mathematical model corroborates this conclusion. We observed the characteristic dynamics of the phase distribution only if we included coupling to the nutrient pool via a nutrient-sensitive and nonsensitive phase interval. Similar types of synchronization (yet at much shorter period lengths of several minutes and hours) have been observed in yeast cell cultures where glycolytic (31) or cell-cycle-dependent (32, 33) oscillations became synchronized through the concentration of extracellular substrates and in nanochemostats where bacterial cells regulated cell density through a feedback mechanism based on quorum sensing of a signaling molecule (15) .
The distinction between steady state and cycles is a fundamental one (34, 35) . Our study reveals a mechanism by which smallamplitude oscillations can arise in phytoplankton populations that lack obvious internal structure and that are traditionally modeled as groups of homogeneous cells. Our concrete experimental examples and mathematical model showed how complex processes occurring within individual cells may have dynamic consequences at the population level. Thereby, the interaction between within-cell processes and population dynamics goes both ways. On the one hand, population dynamics are able to induce synchrony in the cell cycle of many individuals (through nutrient limitation). On the other hand, collective cell cycles among individual cells generate oscillations at the population level. Because the interaction between phytoplankton and the nutrient pool is the most basic trophic module in aquatic ecosystems, we suggest that cell-cycle-to-population synchronization is also likely to be an important mechanism in natural communities.
Methods
We used experimental populations of the three green algae Monoraphidium minutum, Chlorella vulgaris, and Chlamydomonas reinhardtii. We ran experiments in 0.8-L chemostats at 23.3 ± 0.4°C and constant fluorescent illumination at 110 μE·m −2 ·s −1 . Algae were cultured in modified Woods Hole WC medium (36) at pH = 6.8. Nitrogen concentrations in the inflow (N i ) were adjusted to limit algal growth and varied between 40 and 320 μmol·L −1 . Peristaltic pumps transported the sterilized medium through the chemostats with a continuous flow δ (varying between 0.29 and 0.81·day −1 among chemostat trials) and cultures were bubbled with sterile air. We determined algal biovolume by quasi-continuous, noninvasive light extinction measurements (19) . Additionally, we took small (<1-mL) samples of live phytoplankton from the effluent of chemostats and used a CASY particle counter (Schärfe) to measure cell size distributions as well as cell numbers and algal biovolume. 
